Abstract-An oral tactile interface was designed and evaluated to provide directional cues through the tactile channel, which may be utilized by a blind traveler to obtain directional guidance in outdoor navigation. The device was implemented as a mouthpiece with a microfabricated electrotactile display on top for tactile presentation onto the roof of the mouth and a tongue touch keypad at the bottom for simultaneous operation by the tongue. An experimental system allowed a user to communicate with a computer tactilely by using the oral interface. Directional cues were presented to the user as line or arrow patterns with four moving directions (leftward, rightward, forward, and backward). Electrotactile presentation on the roof of the mouth was evaluated in experiments of threshold measurement and identification of directional cues. Experimental results from six human subjects showed that the roof of the mouth required stimulation intensities around 15 V for threshold sensation, and around 25-30 V for comfortable and well-perceived stimulation. Furthermore, identification of leftward or rightward movements was highly accurate while performance on forward or backward moving patterns was mixed and varied considerably among subjects.
I. INTRODUCTION
T RAVELING outdoor can be very challenging for blind individuals. If capable of outdoor navigation, however, a blind individual gains mobility and will be willing to travel outdoors more often leading to improved quality of life [1] . One scenario during blind navigation is how to find the way to a destination (e.g., home) when situated in an unfamiliar location. The blind traveler may find it difficult to know which direction to go and to keep track of that direction [1] , [2] . Sighted persons can have similar problems in scenarios equivalent to blind navigation, such as scuba diving under the sea and dismounted soldiers patrolling in an unfamiliar region, where no visual reference is available. If directional cues are available for guidance during blind travel, a blind individual may be able to continuously adjust the traveling path until reaching the final destination with minimal worry of getting lost.
A personal navigation system may assist blind travelers in outdoor navigation by taking advantage of the global positioning system (GPS) [1] - [4] . Such a system typically Manuscript received March 21, 2001 ; revised November 7, 2004 incorporates a GPS receiver that provides coordinates of the current location and a digital map that allows retrieval of geospatical information about the location. The geospatial information is typically in the form of synthesized sound or speech, which has also been utilized in other assistive navigational aides for obstacle avoidance [5] , [6] . A potential problem with voice output is blockage of ambient sound, which is equally important to a blind traveler. In this paper, we explore an alternative means of providing guidance through the tactile channel. Utilization of the tactile channel frees auditory attention to other important tasks (e.g., listening to the sound of coming cars) and reduces the information overload in a particular sensory channel. In addition, tactile presentation can be more intuitive. A comparison among different interfaces using sound/speech and tapping showed that the tapping interface was actually preferred because it was hidden and gave intuitive guidance in a noisy environment [7] .
To send information to a person via the tactile channel, tactile stimulation patterns are usually presented onto the skin of the human body with a physical interface called tactile display. In the past, research has been conducted on various tactile displays for the purpose of vision substitution [8] , [9] and sensory feedback [10] . Tactile displays may also be used to convert voice or sounds, such as a doorbell or a telephone call, into tactile messages for persons with auditory impairments [11] . The performance of tactile displays can be remarkably dependent on the stimulation method (vibrotactile or electrotactile [12] ) and the sensory characteristics of the receptive body regions. Some tactile displays, such as the Optacon, were designed for the fingertip, while other tactile displays such as Tactile Television Substitution Systems targeted body regions of relatively larger area, such as the back and the abdomen [13] , [14] . Body regions with larger surface area permit fairly large tactile displays, but these regions possess much lower tactile sensitivity compared with the fingertip. Sensitivity may also vary substantially depending on the stimulation mechanism utilized. The fingertip was shown to be highly sensitive to vibrotactile stimulation, but not to electrotactile stimulation due to its high electrical resistance [12] . This paper presents an oral tactile interface for blind navigation, with an experimental evaluation on the use of oral structures for presenting tactile directional cues. The oral cavity is a very sensitive site compared with most other body locations. Oral structures have a cortical mapping similar in size to that of the hands, while the entire trunk and lower part of the body have a relatively small mapping in somatic sensory cortex [15] . Psychophysical studies on force sensitivity and two-point discrimination showed that some oral structures, such as the tongue tip, were more sensitive than the fingertip [16] , [17] . A study testing the tongue perception of electrotactile stimulation with a 49-point stimulator array indicated that the tongue required a voltage of 5-15 V for electrotactile stimulation, which was 1%-3% of the voltage required for stimulating the fingertip [18] .
A few tongue-operated devices have been explored for use inside the oral cavity, such as a palatometer for electropalatography [19] , IBM's Tonguepoint [20] , NewAbilities' tongue touch keypad [21] , and a tongue mouse [22] . These devices detect the pressure or force from the tongue, and thus may be utilized to send out message through silent and hands-free operation. In this study, an oral tactile interface capable of two-way communication was designed, which employed a flexible oral electrotactile display for providing directional cues and a tongue touch keypad for sending out feedback or confirmation. In particular, electrotactile presentation on the roof of the mouth and performance on identifying tactile directional cues were further studied in human subject experiments.
II. ORAL TACTILE INTERFACE

A. Overall Design
The oral tactile interface for navigational guidance is envisioned as a wearable device that can be worn inside the mouth like a dental retainer. While the actual size of a retainer may vary from one individual user to another, the dimensions of the device are approximately 3 cm long and 2 cm wide. As shown in the conceptual block diagram in Fig. 1 , the retainer-like oral tactile interface will be embedded with a tactile display, a sensor array, and additional electronic components for control and wireless communication. The tactile display contains an array of stimulators that presents dynamically refreshable tactile patterns onto oral structures. The user perceives and recognizes the patterns and retrieves guidance information conveyed in these patterns. The sensor array consists of a number of pressure-sensing elements that allow a user to enter commands and controls with the tongue tip. Eventually, the mouthpiece will be powered by a small battery and communicate with a pocket transceiver outside the oral cavity via radio frequency (RF) transmission.
For experimental purposes, a prototype of the oral tactile interface was designed with an electrotactile display for the roof of the mouth and a sensor array for the tongue, as shown in Fig. 2 . This configuration allowed constant contact between the tactile display and the oral surface while permitting simultaneous operation on the sensor array by the tongue. The basic supporting structure of the prototype was a mouth impression that could be custom-made for individual subjects using silicone impression material (CutterSil Putty Plus, Heraeus Kulzer, Inc., South Bend, IN). The mouth impression was relatively bigger than a dental retainer since it was fitted to the roof of the mouth as well as the upper teeth. A thin-sheet flexible oral tactile display with an array of 7 7 stimulators was attached on top of the impression using silicone adhesive, with electrotactile stimulators facing upwards. The sensor array located at the bottom of the mouth impression was the Tongue Touch Keypad (TTK), a commercial product made by NewAbilities (Mountain View, CA), which communicated with the outside through wireless transmission.
B. Flexible Oral Electrotactile Display
A polyimide-based flexible oral electrotactile display with 7 7 dome-shaped tactors was designed to present electrotactile patterns onto the roof of the mouth. The display, as shown in Fig. 3 , was fabricated with thin-film and electroplating processes [23] . The overall dimensions of the tactor array are 18.5 18.5 mm , with each tactor about 200 m in height and 700 m in diameter. The center-to-center spacing between adjacent tactors is 2.54 mm, approximating the two-point resolution of the fingertip, which was measured to be 2.09 mm with a standard deviation of 0.57 mm [24] . The flexibility of the display makes it possible to attach the oral display to the roof of the mouth with good contact. The dome-shaped geometry of the tactors provides more uniform current distribution and a larger surface area for electrotactile stimulation, which may improve the dynamic range of the stimulation current and the quality of the tactile sensation by reducing the localized current density.
C. TTK
The tongue touch keypad is a tongue-operated device originally designed for disabled individuals to control electric wheelchairs, electric beds, computers, etc. The acrylic package of a TTK is embedded with control electronics, as well a RF transmitter for wireless communication to the outside. As shown in Fig. 4 , the bottom of the package is a miniaturized keyboard with nine flat keypads that can respond to light pressure from the tongue. All keypads have small round plastic hemispheric bumps or "nibs" that serve as tactile cues for tongue exploration. When the TTK is utilized to control the mouse pointer on a computer screen, pushing the center button will trigger a mouse click, and pushing the other eight buttons will cause the mouse pointer to move in eight different directions (up, down, left, right, up-left, up-right, down-left, down-right).
III. EXPERIMENTAL SYSTEM
An experimental system was built to allow a user to communicate with a computer tactilely by using the interface worn inside the oral cavity. The user received directional guidance from the PC computer and sent back confirmation messages to the computer by pushing buttons on the tongue touch keypad. As illustrated in Fig. 5(a) , the system employed a programmable waveform generator to deliver various electrotactile patterns onto the flexible oral tactile display, based on commands received from the computer through a serial RS-232 link. Signals from the tongue touch keypad were routed to the computer via the UCS 1000 system developed by NewAbilities for the tongue touch keypad. Fig. 5(b) shows a photo of the system configuration.
A. System Apparatus
The waveform generator delivered stimulating waveforms that could be individually adjusted for up to 144 stimulators. The interconnection between the waveform generator and the electrotactile display consisted of a heat seal connector (Elform, Inc., Reno, NV), a printed circuit board, and two standard 40-pin IDC cables. The flexible heat seal connector (line traces in width of 0.25 mm and a pitch of 0.5 mm) connected the bonding pads of the tactile display to the printed circuit board. The waveform applied to each activated tactor was a capacitively coupled voltage pulse train, as shown in Fig. 6 . A set of waveform parameters, similar to what was used for tongue stimulation [18] , was adopted for stimulation on the roof of the mouth. The sensations for stimulation at different intensities are described in Section IV-B on sensory thresholds. For safety reasons, the waveform generator operated on an internal rechargeable battery. The UCS 1000 system consisted of a TTK RF receiver, an infrared mouse receiver, a universal controller, and a liquid crystal display (LCD) with an infrared transmitter. The low-frequency RF signals from the tongue touch keypad were first detected by the TTK receiver, and then processed by the universal controller. Under the control of the universal controller, the infrared transmitter located on top of the interactive menu display sent infrared signals to the infrared mouse receiver, which controlled the mouse pointer on the computer screen.
B. Software
A Visual Basic program was designed and implemented to allow an operator to send a directional cue to the user by pushing one of the arrow keys on the computer keyboard. A visual version of the directional cue was displayed on the upright indicator array of the control panel, as shown in Fig. 7 . The directional cues were implemented as moving lines or arrows to indicate the direction the user should take. The "Type" box on the control panel allowed selection of either a line or arrow pattern. Each line or arrow may move in one of the four direc- tions, i.e., left, right, forward (toward the lips), and backward (toward the throat). An example of a moving-line pattern and a moving-arrow pattern are shown in Fig. 8 . For each moving pattern, the line or arrow stayed in the current position for 0.3 s before shifting one column or one row to the next position. In addition, the program allowed selection of different square patterns utilized in the experiment on sensory thresholds, which is described in Section IV-A.
The control panel also contained a jungle scene on the left with a 5 5 array of positions to which the image of a traveler can move. After a directional cue was sent, the program detected the movement of the mouse pointer and translated it into a shift of the traveler image on the computer screen, which served as visualization of the confirmation message sent from the user. Since both identification of tactile patterns and operation of the tongue touch keypad could introduce errors, their performance should be evaluated separately. The following section describes how identification of tactile directional cues was evaluated in human subject experiments. Readers may refer to another study [21] regarding the accuracy of using the tongue touch keypad as an input device.
IV. EVALUATION
Since the roof of the mouth is a site seldom utilized for tactile applications, the intensities required for electrotactile stimulation on this site should be evaluated. Low-intensity stimulation is essential for a wearable device that demands low power consumption. Two experiments were conducted on six human subjects to measure the sensory thresholds and the accuracy of identifying directional cues respectively. For each subject, the experiments were repeated in five sessions, with at least 24 h between two consecutive sessions. Each session lasted for about 1 h.
The six human subjects, including four males and two females, were recruited from undergraduate and graduate students on campus at the University of Illinois at Urbana-Champaign, with an average age of 27.2 years. Each subject received a modest payment for his/her participation, but the participation was entirely voluntary. Each individual was fitted with a custom-made silicon impression with a separate flexible oral display attached to it.
A. Sensory Thresholds
In the experiment of threshold measurement, sensory thresholds were obtained by measuring intensities of the electrotac- tile stimulation just noticeable to human subjects. In general, a higher sensory threshold suggests that it is more difficult for the receptive body region to perceive the stimulation. The test patterns were a static square of size 5 and a dynamic square of size 5, as shown in Fig. 9 . A square of size 5 had five dots on each side. For static presentation, all dots on the sides of the square were activated simultaneously. For dynamic presentation, the square was "drawn" by activating the dots on the sides sequentially and counterclockwise, with each dot active for 0.12 s and no time delay before the activation of the next dot. Similar static patterns of the same size have been utilized for threshold measurement on other tactile displays [25] , [26] . Dynamic patterns were included to investigate the effect of different presentation modes on sensory thresholds, i.e., whether the sensitivity would be lower for a stimulus moving on the skin surface.
An adaptive psychophysical approach called two-alternative forced choices (2AFC) was utilized in the experiment to minimize any possible bias from human subjects [27] . This method tracked the sensory threshold through a number of trials, with two intervals in each trial. One interval contained a stimulus (i.e., a square pattern), and the other was null, with duration of 3 s for each interval. The subject was asked to identify which interval contained the stimulus by pointing at the number "1" or "2" on a card. Depending on the response from the subject, the intensity of stimulation was adjusted accordingly. The intensity was increased following one incorrect response, and decreased following two consecutive correct responses. For each reversal, the increment or decrement (step size) was half of the previous one. This method tracks the threshold at which the stimulation can be detected with a possibility of 71%. Initially, the intensity was set at a magnitude that was well perceived. Each measurement ended when the step size fell within 1% of the entire intensity range. The intensity of the stimulation was recorded as the amplitude of the voltage pulse waveform applied.
Threshold values for each subject in dynamic and static presentation modes were plotted in Fig. 10 . The threshold values were averaged over five sessions, with the vertical error bars showing the variation of sensory thresholds among sessions. The working-level intensities, at which subjects found the sensation comfortable and well perceived, were shown in the same figure. Low-intensity electrotactile stimulation on the roof of the mouth was perceived as an itching sensation, while stimulation with intensity at the working level produced a sensation described as being touched by a blunt tip. However, a pricking sensation occasionally occurred, possibly because some tactors were closer to dental nerve fibers than others. The pricking sensation tended to disappear for the same intensity of stimulation after initial sessions, indicating adaptation of the nerves to the stimulation.
B. Identification of Directional Cues
In this experiment, tactile directional cues were presented as moving-line or moving-arrow patterns described in Section III-B on System Software. The subjects were asked to identify the direction of the movement, and then pick up an arrow pointing to the same direction on a card. Stimulation at the working-level intensities was used throughout the experiment for all subjects. As summarized in Table I , each session for this experiment contained two parts: one for identification of two-choice directional cues and the other on four-choice directional cues. In Part I on two-choice directional cues, each subject was presented with four consecutive sets of patterns in random order, with six patterns in each set. Respectively, these four sets included six line patterns in either left or right-moving direction, six line patterns in either forward or backward-moving direction, six arrow patterns in either left or right-moving direction, and six arrow patterns in either forward or backward-moving direction. In each set, the same moving direction was repeated three times. In Part II on four-choice directional cues, each subject was given one set of moving-line patterns and one set of moving-arrow patterns. Each set contained three blocks of four patterns in random order, with one pattern for each direction. The starting set was alternated between line patterns and arrow patterns. Subject performance in perceiving and identifying directional cues was summarized as the percentage of correct responses for each subject over the five sessions. The performance with two-choice directional cues for each subject is shown in Fig. 11 (Line: moving line patterns; Arrow: moving arrow patterns; L: moving leftward; R: moving rightward; F: moving forward; B: moving backward). The performance on four-choice directional cues for each subject is shown in Fig. 12 . Confusion among four-choice directional cues is summarized in Table II (a) for all line patterns and (b) for all arrow patterns. Each letter in the first column of each confusion matrix indicates the movement presented, and each letter in the first row indicates the movement perceived. Each element in the matrices indicates a percentage of the movements in one direction that were perceived as movements in another direction. Further discussions regarding the experimental results are presented in the following section.
V. DISCUSSION
The threshold experiment showed that the roof of the mouth was very sensitive to electrotactile stimulation in terms of the intensities required. Although the thresholds on the roof of the mouth (around 10-20 V) were a little higher than those on the tongue (around 5-15 V), they were much lower than the intensities required for electrotactile stimulation on the fingertip. The intensities at the working level for all subjects were also at a low-voltage range, from 25 to 30 V. The experiment indicated that low-voltage stimulation was adequate for the roof of the mouth, an important feature for an oral tactile interface that needs to be further miniaturized into a fully self-contained package.
The experiment on two-choice directional cues showed that subjects could identify the left or right-moving direction with almost perfect performance, regardless of whether the pattern was a moving line or arrow. However, it could be difficult for a subject to identify the forward or backward movement of a pattern, though some subjects had excellent performance in this task as well. The average percentages of correct responses from the six subjects were 77% for a forward-moving line pattern, 82% for a backward-moving line pattern, 71% for a forwardmoving arrow pattern, and 74% for a backward-moving arrow pattern. Performance on moving-line patterns was slightly better than that on moving-arrow patterns, although ANOVA did not show a significant difference between moving-line and movingarrow patterns.
In the experiment on four-choice directional cues, the overall accuracy decreased when a mixture of laterally and vertically moving patterns were presented. In general, the accuracy on laterally moving patterns was still much higher than that on vertically moving patterns. For a left or right moving pattern, one direction was seldom identified as the opposite direction, no matter whether it was a moving line or a moving arrow. As shown in both matrices in Table II , the confusion between left and right-moving patterns was very low, up to 1%. However, they could be perceived as patterns moving vertically, especially as backward moving patterns. In addition, a forward-moving pattern was more frequently perceived as a backward-moving pattern than a backward-moving pattern was perceived as a forward-moving pattern. For moving arrow patterns, 10% of leftmoving patterns were identified as moving backward, and 13% of right-moving patterns were identified as moving backward. Overall, the perception from the roof of the mouth on the left or right movement was more distinctive compared with the perception on the forward and backward movement.
One may wonder why the roof of the mouth was more capable of distinguishing left and right moving patterns. There could be a couple of hypothetic explanations. 1) Since one side of the somatic sensory cortex received afferent somatic sensory signals from the opposite side of the body, the corresponding excited spot on the somatic cortex switched sides when the stimulus (a line or an arrow) moved leftward or rightward across the central column of the tactor array. This switching may be easier to identify. 2) The sensory nerve fibers on the roof of the mouth may be more vertically aligned, and, therefore, different nerve fibers may be stimulated when a pattern was moving left or right.
3) The two-point resolution in the horizontal direction may be higher than that in the vertical direction. Further evidence is needed to validate any one of these hypotheses.
Even though the subjects showed mixed performance in identification of four-choice directional cues, the finding that left and right moving patterns could be accurately identified as demonstrated in the two-choice experiment suggested the potential of the oral tactile interface for blind navigation. As one example, a basic set of two alternatives with right and left directional cues would be enough for a blind traveler to keep track of the travel direction, as turning around can be indicated by continuously sending the left (or right)-turn signal. Thus, the interface could be useful in assisting the blind traveler in outdoor navigation while freeing auditory attention to environmental sound.
VI. CONCLUSION
The design, implementation, and evaluation of an oral tactile interface for blind navigation have been presented. The oral tactile interface was implemented as a silicone-based mouthpiece with an oral electrotactile display for providing tactile cues to the roof of the mouth and a tongue touch keypad for sending out feedback with the tongue. The roof of the mouth was chosen for tactile presentation because the tactile display could be in constant contact with the oral surface while allowing simultaneous tongue operation on the keypad. An experimental system was built to enable two-way tactile communication between a computer and a user wearing the oral tactile interface. Psychophysical evaluation in human subject experiments showed that the roof of the mouth required relative low intensities for electrotactile stimulation, a feature desirable for energy-efficient wearable aids. The experiments also indicated that identification of left or right moving patterns was highly accurate, while errors on forward or backward moving patterns were more frequent and varied considerably among subjects. Nevertheless, the feasibility of using the oral tactile cues for navigational guidance was demonstrated.
